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Protein–protein interactionInvestigating interactions of proteins in the nuclear envelope (NE) using co-immunoprecipitation (Co-IP) has
previously been difﬁcult or even impossible due to their inherent resistance to extraction. We have developed
a novel method, MCLIP (Membrane protein Cross-Link ImmunoPrecipitation), which takes advantage of a cell per-
meable crosslinker to enable effective detection and analysis of speciﬁc interactions of NE proteins in live cells
using Western blot. Using MCLIP we show that, in U2OS cells, the integral inner nuclear membrane protein
Samp1 interacts with Lamin B1, the LINC (Linker of nucleoskeleton and cytoskeleton) complex protein, Sun1
and the soluble small GTPase Ran. The results show that the previously detected in vitro interaction between
Samp1 and Emerin also takes place in live cells. In vitro pull down experiments show, that the nucleoplasmic do-
mains of Samp1 and Emerin can bind directly to each other.We also, show thatMCLIP is suitable to coprecipitate
protein interactions in different stages of the cell cycle.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Co-immunoprecipitation (Co-IP) followed by protein identiﬁcation
using MS analysis or Western blotting is an invaluable approach to
identify protein interaction partners [1,2]. Classic immunoprecipitation
(IP) is difﬁcult to apply on extraction resistant proteins, like nuclear
envelope (NE) proteins which require solubilization conditions that
disrupt protein–protein interactions [3–6].
A strategy to stabilize and thereby improve chances to identify labile
protein–protein interactions when using harsh solubilization condi-
tions, is to use chemical crosslinkers possessing homobifunctional
groups such as N-hydroxysuccinimide esters. The ester groups of the
crosslinker react with primary amines on proteins to form covalent
amide bonds [7–9]. Dithiobis [succinimidyl propionate] (DSP) is one
such crosslinker, which has a spacer arm length of 12 Å containing a di-
sulﬁde bond in the middle allowing reversal of the crosslink [10–12].
DSP is membrane permeable, it penetrates and crosslinks proteins in
live cells [12–14]. The covalent bonds formed by DSP connect
interacting proteins during extraction under denaturing conditions,
allowing the solubilization of “hard-to-extract” binding partners.
The NE consists of the inner and outer nuclear membranes, the
nuclear pore complexes and the nuclear lamina [15,16]. More than a
hundred unique transmembrane proteins are located in the innerallberg).
. This is an open access article undernuclear membrane (INM) [17–19]. Here we present a method to detect
and study interactions of NE proteins combining crosslinking with DSP,
and subsequent solubilization using detergent and chaotropic agents
followed by IP, after diluting to non-denaturing conditions. We call
this method MCLIP (Membrane protein Cross-Link ImmunoPrecipitation)
and show that MCLIP is an efﬁcient tool to detect speciﬁc interactions in
the NE.
2. Material and methods
2.1. Cell culture and transfection
Human osteosarcoma U2OS (ATCC) cells were grown and main-
tained in 1×Dulbecco'smodiﬁed Eagle's (DMEM)GlutaMAX™medium
(GIBCO), supplemented with 10% fetal bovine serum (FBS, v/v) and 1%
penicillin-streptomycin (v/v) at 37 °C in a humidiﬁed atmosphere
containing 5% CO2. Stable U2OS cell lines expressing Samp1-YFP or
YFP-Samp1 were grown as above in media supplemented with
200 μg/mL of G418. For transfection of cells with plasmids encoding
the YFP fusion proteins, X-treme gene HP DNA transfection reagent
(Roche) was used and cells were analyzed after incubation for 24 h.
2.2. Crosslinking
Cells were grown in 10 cm culture dishes until they were conﬂuent,
rinsed with 1× phosphate-buffered saline (PBS) and subsequentlythe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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standard culture media for 15 min at RT. The reaction was quenched
with 15 mM Tris-Cl (pH 7.4) for 10 min at RT.
2.3. Cell synchronization
Cells were incubated with 100 ng/mL nocodazole diluted in cell
culture media for 16 h. Prometaphase cells were collected by mitotic
shake off. To synchronize cells in metaphase, the cultures were washed
three times with 1× PBS and cultured in media containing 25 μM
MG132 for an additional 3–4 h before harvest. The synchronization
was monitored by viewing the metaphase plate using phase contrast
microscopy.
2.4. Nuclear preparation from cross-linked cells
Cells were trypsinized or scraped and collected from 10 cm culture
dishes were resuspended in 1 mL ice-cold hypotonic buffer (10 mM
HEPES pH 7.4, 5 mM MgCl2, 10 mM NaCl) with 1× protease inhibitor
(04693159001, Roche), incubated for 30 min at 4 °C, and then homog-
enized 50–100 strokes in a Dounce homogenizer using a tight ﬁtting
pestle to rupture the plasma membrane. The soluble cytoplasmic frac-
tionwas separated from the insoluble nuclear fraction by centrifugation
through a 200 μl 40% sucrose cushion at 800 ×g for 20 min at 4 °C. The
nuclear pellet was washed twice with 1× PBS and collected.
2.5. Nuclear envelope protein extraction from cross-linked cells
The isolated nuclear pellet from interphase cells or the cell
pellets from synchronized or asynchronous cells were resuspended in
5 volumes of 7 M urea and 1% Triton X-100 (TX-100) with protease
inhibitor and incubated on ice for 20 min. Homogenization by
resuspending the nuclei through a 23-gauge needle was performed to
rupture the membranes. A part of the lysate was saved as input and
combined with equal volume of 2× sample buffer containing 200 mM
DTT and boiled for 10 min. The remaining lysate was diluted 8 times
with 1× PBS containing protease inhibitors and sonicated on ice and
cleared by centrifugation at 1000 ×g for 10 min.
2.6. Protein extraction from non cross-linked cells
Nuclear pellets were isolated fromU2OS cells asmentioned above. A
part of the nuclear pellet was saved as input. The remaining nuclear
pellet was incubated with 0.5 M NaCl and 1% TX-100 or 1 M NaCl
and 1% TX-100 for 20 min on ice. The lysates were centrifuged at
23,000 ×g for 25 min at 4 °C. Input, soluble and insoluble fractions
were combined with equal volume of 2× sample buffer containing
200 mM DTT and boiled for 10 min.
2.7. Immunoprecipitation
Cleared lysates from the nuclear envelope protein extractions were
preincubated with 2% BSA blocked protein G sepharose beads (control)
for 1 h at 4 °C with end-over-end rotation. The precleared lysates were
then added to the agarose beads that are covalently coupled with camel
anti-GFP antibodies (GFP-Trap_A, ChromoTek), which also recognize
the YFP variant of GFP [20] and incubated for 2 h at 4 °C with end-
over-end rotation. The protein G sepharose beads (control) and the
GFP-Trap_A beads were washed with wash buffer (250 mM NaCl,
10 mM HEPES, 0.5% TX-100, 0.1% Tween-20, pH 7.4). Bound proteins
were eluted and the crosslink was reversed with 2× Sample buffer
containing 200 mM DTT. The unbound proteins from GFP-Trap_A
were concentrated by TCA precipitation. Samples were loaded on 10%
SDS-PAGE precast gels (Bio-Rad) or 8% SDS-PAGE gels.2.8. Western blot analysis
SDS-PAGE separated proteinswere transferred onto PVDF (Bio-Rad)
membranes and blockedwith 5%milk in PBS-T (blocking solution) for 1
h at RT. The membranes were incubated with primary antibodies in the
blocking solution for 1 h or overnight at 4 °C. After 3 × 10minwashes in
PBS-T, the membranes were incubated with secondary antibody in the
blocking solution for 1 h. After 4 × 10 min washes in PBS-T, the mem-
branes were subjected to ECL detection (SuperSignal West Dura, Ther-
mo Fisher Scientiﬁc). The emitted chemiluminescent signal was
analyzed by ChemiDoc XRS + imaging system (Bio-Rad).
2.9. Antibodies
Primary antibodies used for Western blots were rabbit polyclonal
Samp1 (1:500) (Buch et al., 2009), rabbit polyclonal anti-Sun1 (1:500)
(HPA008346, Atlas Antibodies), rabbit polyclonal anti-Sun2 (1:500)
(HPA001209, Atlas Antibodies), mouse monoclonal anti-Emerin
(1:500) (sc-25284, Santa Cruz Biotechnology), rabbit polyclonal anti-
Lamin B1 (1:1000) (ab16048, abcam), mouse monoclonal anti-Lamin
A/C (1:200) (ab40567, abcam), mouse monoclonal anti-mAb414
(1:2500) (MMS120P, BioSite), goat polyclonal anti-Ran (c-20) (1:200)
(Sc1156, Santa Cruz Biotechnology), rabbit polyclonal anti-Pom121
(1:6000) [21], rabbit polyclonal anti-Nup210 (1:300) [22,23], mouse
monoclonal anti-GST (1:100) (P1A12, Developmental Studies Hybrid-
oma Bank) and mouse monoclonal anti-His (1:2500) (MA121315,
ThermoScientiﬁc). Primary antibodies used for immunoﬂuorescence
were rabbit polyclonal anti-GFP (1:2500) (A11122, Invitrogen) and
mouse monoclonal anti-GFP (1:1000) (11814460001, Roche), which
both recognizes the YFP variant of GFP. The secondary antibodies used
for immunoﬂuorescence were Alexa Flour 488 goat anti-rabbit IgG
(A11008, Invitrogen) and Alexa Fluor 488 goat anti-mouse IgG
(A11001, Invitrogen). As secondary antibodies for western blotting,
horseradish-peroxidase-coupled donkey anti-mouse IgG (NA931), or
donkey anti-rabbit IgG (NA934) from GE health care or rabbit anti-
goat IgG (Abcam, ab6741) were used.
2.10. Immunoﬂorescence
Stable U2OS cell lines expressing Samp1-YFP or YFP-Samp1 and
transiently transfected U2OS cells over-expressing YFP-Emerin were
grown on glass coverslips. The cells were washed twice with PBS,
ﬁxed on ice in 3.7% PFA in PBS for 20 min and permeabilized
with 0.5% TX-100 in PBS for 5 min. After three washes with PBS the
cells were blocked in 2% BSA in PBS-T (blocking buffer) for 1 h and incu-
bated with primary antibodies in blocking buffer for 1 h. After four
washes with blocking buffer the samples were incubated with second-
ary antibodies in blocking buffer for 1 h. After additional washes with
PBS-T, the cover slips were carefully mounted in Fluoromount-G
(SouthernBiotech) and sealed using nail polish.
2.11. Imaging and image processing
Imagingwas performed using Leica DM/IRBE 2 epi-ﬂuorescence mi-
croscope controlled by micro manager [24] with a 63× 1.4 NA oil im-
mersion objective. Emission was collected between 500 and 550 nm
(Alexa Fluor 488). Micrographs were collected for cells expressing
equal amounts of YFP fusion proteins, assessed by total ﬂuorescence.
Cells were manually segmented and region intensities is quantiﬁed
using Fiji (ImageJ) [25].
2.12. RNA extraction and cDNA synthesis
Chaetomium thermophilum variant: thermophilum La Touche 1950
was obtained from DSMZ, Germany. Total RNA was extracted from
C. thermophilum (Ct) using RNeasy plant mini kit (Qiagen). To generate
Fig. 1. Extraction and distribution of NE proteins. A) Extraction of NE protein. Nuclei were
isolated fromU2OS cells and solubilizedwith 0.5MNaCl+1% Triton X-100 (TX-100) or 1M
NaCl + 1% TX-100. Western blot analysis of Sun1 in nuclear lysate (NL), soluble (S) and in-
soluble (P) fractions. Note that Sun1 is resistant to extraction. B) Distribution of
overexpressed NE proteins. The panels show stable U2OS cell lines expressing Samp1-YFP
(a–c), YFP-Samp1 (d–f) or transiently expressing YFP-Emerin (g–i). YFP-ﬂuorescence at
normal exposure (a, d, g) or overexposed images (b, e, h) are shown with corresponding
phase contrast images (c, f, i). Scale bar, 5 μm.
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transcriptase (Invitrogen), according to themanufacturer's instructions.
Reactions were performed in a ﬁnal volume of 20 μl including 1 μM
hexamer and 1 μg total RNA. Reverse transcription was performed in a
thermocycler under the following reaction conditions: 25 °C for 5 min,
50 °C for 60 min and the enzyme was inactivated at 85 °C for 5 min.
2.13. PCR ampliﬁcation and bacterial expression
APCR reactionmixture (50 μl) containing 50 ngof cDNA as template,
5 μl of 10× Pfu buffer, 2 mM dNTP, 1 μM of forward and reverse primer,
and 2.5 U Pfu DNA polymerase (Thermo Scientiﬁc) was used for Ct-
Samp1 and human Emerin PCR ampliﬁcation. The cDNA encoding full-
length Emerin (IMAGE clone ID: 3505626) was used as a template for
ampliﬁcation. The thermocycler parameters were 34 cycles of 94 °C
for 1min, 63 °C for 1min, and 72 °C for 1min. The nucleotide sequences
of Ct-Samp1(1–180) were 5′-GCAGGATCCAATGCCCCTCCGTAC-3′
(forward) and 5′-CAGAAGCTTTTACCTCTTTCCCAGCGC-3′ (reverse) and
for Emerin(1–222) primers were 5′-GCAGGATCCAGATGGACAACTA
CGC-3′ (forward) and 5′-CAGCTCGAGCATTACTGGCGATCCTGG-3′
(reverse). The ampliﬁed PCR products were separated on a 1.5% agarose
gel. The excised fragments were puriﬁed using PCR cleanup system kit
(Fermentas) and cloned into pET-33b (+) and pGEX-5X-3 vectors,
respectively. The positive plasmids were veriﬁed by DNA sequencing
and expressed in rosetta DE3 competent cells (Millipore). Protein
expression was induced at a cell density of A600 0.6 with 0.5 mM of
isopropyl-β-D-thiogalactopyranoside (IPTG, Sigma) and the cells were
harvested after 3 h post-induction at 30 °C.
2.14. Pull-down experiment
Bacterial cells (5 × 106) were treated with 1 mL of lysis buffer
(100 mM HEPES, 200 mM NaCl, 1 mg/mL lysozyme, 0.1% TX-100, 10%
glycerol and 1× protease inhibitor, pH 7.4) on ice for 45 min. The cells
were sheared by brief sonication and soluble proteins were recovered
in the supernatant following centrifugation at 15,500 ×g for 30 min at
4 °C. Nickel or glutathione magnetic agarose beads (25 μl) were incu-
bated with 5% BSA in PBS. To the pre-incubated beads, lysate containing
the bait protein (200 μg total protein) was added, the total volume
was brought to 500 μl by the addition of lysis buffer and subsequently
imidazole concentration was adjusted to 50 mM in order to avoid
non-speciﬁc binding and incubated at 4 °C for 1 hwith end-over-end ro-
tation. The unbound lysate was separated by a magnetic separator and
collected in an Eppendorf tube. To the bound beads, lysate containing
the prey protein (400 μg total protein) was added along with extra
lysis buffer and imidazole as before and incubated at 4 °C for 1 h with
end-over-end rotation. The beads were washed 3 × 15 min with wash
buffer (100 mM HEPES, 1 M NaCl, 1% TX-100, 60 mM imidazole,
pH 7.4). The unbound lysates containing both bait and prey proteins
were TCA precipitated. An equivalent amount of lysate, bound and
unbound proteins was loaded onto 12% SDS PAGE and analyzed by
Western blotting using anti-His and anti-GST antibodies, respectively.
3. Results and discussion
3.1. Extraction and distribution of NE proteins
Amajor challengewhen investigating interactions between proteins
of the NE is that some of these proteins are known to be difﬁcult to sol-
ubilize using non-denaturing conditions. To illustrate this we show that
Sun1 completely resisted extraction using 1% TX-100 and 1 M NaCl
(Fig. 1A), consistent with its poor solubilization reported earlier [26].
Another problem is that large proportions of overexpressed NE proteins
often localize in other compartments compared to their endogenous
interacting partners. Endogenous Samp1 localized speciﬁcally in the
INM [27]. In contrast, in cell lines over-expressing YFP-tagged Samp1,11% of Samp1-YFP (Fig. 1B a–c) and 21% of YFP-Samp1 (Fig. 1B d–f), re-
spectively,was located in the endoplasmic reticulum(ER). In comparison,
as much as 65% of transiently overexpressed YFP-Emerin (Fig. 1B g–i) is
located in the ER. This clearly illustrates that when determining pro-
tein–protein interactions that actually take place in the NE, isolation of
nuclei is required (c.f. Fig. 2A).
3.2. Reversible cross-linking of intact cells enables coprecipitation of hard to
extract INM proteins
Toovercome the limitations inNEprotein solubilizationwedeveloped
a membrane protein crosslinking IP (MCLIP) protocol (c.f., Fig. 2A) and
tested it on proteins interacting with the INM protein Samp1. For this,
we crosslinked proteins of live U2OS cells stably expressing Samp1-YFP
or YFP-Samp1 using the cell permeable reversible crosslinker DSP,
untransfected U2OS cells were used as control. We isolated the nuclei,
to exclude protein–protein interactions taking place in the ER
(c.f. Fig. 1). The isolated nuclei were subsequently solubilized in 1% TX-
100 and 7 M urea (Fig. 2A). We separated the soluble and insoluble frac-
tions of the nuclear lysate by centrifugation. After extraction the urea con-
centration was diluted to 0.8 M, which is tolerated by antibodies and
Fig. 2. In vivo cross-linking immunoprecipitation. A) Flowchart. B) Solublilization of different nuclear envelopeproteins afterDSP crosslinking.U2OS cellswere treatedwith (+)orwithout
(−) DSP for 15min followed by lysis, isolation of nuclei, solubilization in 7Murea and1%TritonX-100.Western blot analysis of proteins in thenuclear lysate (NL), soluble (S) fractions and
insoluble (P) fractionsprobedwith antibodies speciﬁc for the indicatedproteins. C) Analysis of co-precipitation of Samp1andNEmarkerproteins. Stable U2OS cell lines expressing Samp1-
YFP (SY) or YFP-Samp1 (YS) or untransfected (UTR) cells were treated with DSP as described in Fig. 2B. Input (nuclear lysates) and the soluble fractions were subjected to immunopre-
cipitation (IP) with (+) or without (−) α-GFP antibodies, respectively. The proteins in the different fractions were separated by SDS-PAGE and analyzed by Western blotting using
antibodies speciﬁc for Sun1, Sun2, Emerin, Lamin B1, Lamin A/C, Pom121, Nup210 or the nuclear pore complex speciﬁc antibody mAb414 (Nup214, Nup62). The efﬁciency of the bait
in IP was assessed using anti-Samp1 antibodies. Lysates show that total levels of input remain constant in the three different samples. Note that Sun2, Lamin A/C, Nup214, Nup62,
Pom121, and Nup210 did not coprecipitate with SY or with YS.
Fig. 3. Samp1-YFP coprecipitates Ran during different phases of the cell cycle. Stable U2OS
cell lines expressing Samp1-YFPwere synchronized in either prometaphase ormetaphase.
Asynchronous cells represent interphase. The cells were treated with the cell permeable
reversible crosslinker DSP, followed by lysis, extraction and immunoprecipitation with
(+) orwithout (−)α-GFP antibodies. The fractionswere separated by SDS-PAGE and an-
alyzed byWestern blotting using antibodies speciﬁc for Ran. Lysates show that total levels
of Ran remain constant in the different cell populations.
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Western blotting using NE marker antibodies shows that after extraction
the NE proteinswere completely recovered in the soluble fraction in both
DSP treated and non crosslinked cells (Fig. 2B). The fact that Lamin A/C,
Sun2, Nup62, Nup214, Pom121 or Nup210 did not coprecipitate with
either Samp1-YFP or YFP-Samp1 (Fig. 2C), shows that MCLIP identiﬁes
speciﬁc protein–protein interactions and argues against trapping of pro-
teins in artiﬁcial complexes created by DSP-induced over-crosslinking.
Previous studies [28] using high resolution confocal microscopy
combined with deconvolution in HeLa cells showed that Samp1 partially
colocalizes with Sun1. The poor solubilization of Sun1 under non-
denaturing conditions prompted us to investigate if an interaction
between Sun1 and Samp1 could be detected using MCLIP. Indeed, we
were able to show that Samp1-YFP or YFP-Samp1 coprecipitates Sun1
inU2OS cells (Fig. 2C). Samp1-YFPwasmore efﬁcient thanYFP-Samp1 in-
dicating that N-terminally positioned YFPmight interfere with the Sun1–
Samp1 interaction. We also found that Samp1-YFP and YFP-Samp1 were
able to coprecipitate Emerin and Lamin B1 (Fig. 2C). The results show that
the previously identiﬁed in vitro interaction between Samp1 and Emerin
in HeLa cells [28] also occurs in the NE of live U2OS cells. Taken together
the results show that our approach is an efﬁcient method to identify
speciﬁc protein\protein interactions of NE proteins.
3.3. The small GTPase Ran coprecipitates with Samp1
Samp1 is predicted to interact with Ran [29], a small GTPase in-
volved in various cellular functions such as nucleocytoplasmic transport[30], microtubule assembly [31] and postmitotic nuclear assembly [32,
33]. Here we investigated the extent of this interaction throughout the
cell cycle of stable U2OS cell lines expressing Samp1-YFP. The results
show that Samp1-YFP interacts with Ran in interphase, prometaphase
and metaphase (Fig. 3). Thus we show that MCLIP method can be
used to identify protein–protein interactions in different phases of cell
cycle.
Fig. 4. Direct interaction between Samp1 and Emerin. His6-Ct-Samp1(1–180) and GST-
Emerin(1–222) were subjected to pull-down experiment using either nickel agarose beads
(His6 pull down) or glutathione agarose beads (GST pull down). The beads were incubated
either with GST-Emerin and His6-Ct-Samp1 or GST and His6-Ct-Samp1. Lysate (L), bound
(P) andunbound(S) proteinswere separatedby SDSPAGEandanalyzedbyWesternblotting
using anti-GST and anti-His anitibodies as indicated.
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To investigate whether Samp1 and Emerin can directly interact with
each other, we turned to the thermophilic fungus C. thermophilum (Ct),
which has ideal properties for structural and biochemical studies, com-
pared to other mesophilic counterparts [34]. We found that the hypo-
thetical protein CTHT_0001390 contains an N-terminal domain with
conserved CXXC zinc ﬁnger motifs, which is homologous to human
Samp1 [27,28] and also has a predicted membrane topology similar
to that of human Samp1, suggesting that it is the Ct homologue of
Samp1. We designed and expressed the recombinant fusion proteins,
GST-Emerin(1–222) and His6-Ct-Samp1(1–180) in Escherichia coli. The
expressed proteins were subjected to nickel or glutathione agarose
beads in pull-down experiments to determine Samp1–Emerin interac-
tion. The results show that Ct-Samp1 and human Emerin are able to
bind each other directly (Fig. 4). The hydrophobic segment (13–35) of
human Samp1 is not conserved in Ct-Samp1 and is thus not required
for Samp1–Emerin interactions. This suggests that the nucleoplasmic
part of Ct-Samp1 is responsible for interaction with the nucleoplasmic
part of Emerin supporting the idea that the binding involves the zinc
ﬁnger domains of Samp1 [28].
4. Conclusion
MCLIP (Membrane protein Cross-Link ImmunoPrecipitation) is an
efﬁcient method to detect speciﬁc protein interactions of extraction
resistant proteins in the NE. Crosslinking of intact cells enables the de-
tection of interactions taking place in live cells.
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